Concanavalin A layered calcium alginate-cellulose beads adsorbed and cross-linked peroxidase of Momordica charantia was employed for the treatment of p-bromophenol polluted water. Immobilized peroxidase showed remarkably higher storage stability and retained about 78% phenolic compound removal efficiency over a period of one-month's storage at 4 W C. After a fourth repeated use immobilized enzyme retained nearly 50% p-bromophenol removal efficiency. p-Bromophenol removal by immobilized enzyme was ∼84% in the presence of 0.1 mM HgCl 2 . A significantly higher concentration of p-bromophenol was removed by immobilized enzyme in the presence of water-miscible organic solvents as compared to free enzyme. In stirred batch processes nearly 91%, 94% and 83% of p-bromophenol was removed in 3 h at 30, 40 and 50 W C, respectively. Immobilized enzyme present in two different reactors and operated at flow rates of 10 and 20 ml h À1 retained 75 and 65%
INTRODUCTION
A large number of chemical pollutants is generated by various industries worldwide annually. Such compounds, even if present in very small quantities, can impart negative effects on both nature and human health (Bayramoglu & Arica ) . 
MATERIALS AND METHODS

Materials
o-Dianisidine-HCl was obtained from the Centre for Biochemical Technology, CSIR, India. Ammonium sulfate, PEG, p-BP, DMSO, CaCl 2 and cellulose were purchased from SRL Chemicals Pvt. Ltd (Mumbai, India). Glutaraldehyde was obtained from Thomas Baker Chemicals Pvt. Ltd (Mumbai, India). Sodium alginate was the product of KochLight Lab (Colnbrook, UK). Jack-bean meal was purchased from DIFCO (Detroit, USA). Bitter gourd was bought from a local vegetable market. All other chemicals and reagents employed in this study were of analytical reagent grade and were used without any further purification.
Ammonium sulfate fractionation of bitter gourd proteins
Bitter gourd (100 g) was homogenized in 200 ml of 0.1 M sodium acetate buffer at pH 5.5. The homogenate was filtered through four layers of cheesecloth. The filtrate was then centrifuged at a speed of 10,000 × g on a Remi C-24 Cooling Centrifuge for 20 min. at 4 W C. The obtained clear supernatant was subjected to salt fractionation by adding 10-90% (w/v) (NH 4 ) 2 SO 4 . The mixture was continuously stirred overnight at 4 W C for complete precipitation of proteins. The precipitate was collected by centrifugation at 10,000 × g on a Remi C-24
Cooling Centrifuge, redissolved in assay buffer and dialysed against the same buffer in order to remove traces of ammonium sulfate (Fatima & Husain ) .
Preparation of jack-bean extract and layering of calcium alginate-cellulose beads by Con A present in extract Jack-bean meal (10 g) was stirred in 100 ml of 0.1 M tris-HCl buffer, pH 6.2 overnight on a magnetic stirrer at room temperature. The clear extract obtained after centrifugation at 3,000 × g for 10 min. was used as a source of Con A for subsequent investigations (Matto & Husain b) .
A solution of sodium alginate (2.5%) and cellulose The percentage removal of p-BP was defined as:
Absorbance of untreated À Absorbance of treated Absorbance of untreated × 100
Data analysis
Each value represents the arithmetic mean for three independent experiments performed in duplicate. The average standard deviation of all the obtained values for a particular experiment was less than 5%. The data expressed in various studies was plotted using Sigma Plot-10.0 and expressed as mean ± SD. Analysis was carried out by one-way ANOVA.
P-values <0.05 were considered statistically significant.
RESULTS
Immobilization of BGP
In this study, Con A layered calcium alginate-cellulose beads were used as carrier for the immobilization of BGP.
Ammonium sulfate fractionated and dialysed bitter gourd proteins were adsorbed onto the beads and cross-linked by glutaraldehyde. Con A layered calcium alginate-cellulose beads retained nearly 63% of the original peroxidase activity. However, a marginal loss of 6% activity was observed upon cross-linking (Table 1) .
Effect of mercury and organic solvents The effect of organic solvents on the oxidation of p-BP by both enzyme preparations has been depicted in Table 2 .
Immobilized peroxidase retained 37% p-BP removal efficiency in the presence of 30% (v/v) DMSO, whereas soluble bitter gourd peroxidase (S-BGP) removed only 18% of the compound. In the presence of 30% (v/v) of n-propanol, immobilized enzyme removed 43% p-BP while S-BGP showed a marginal removal of 14%.
Reusability studies and storage stability
Reusability of immobilized peroxidase was a necessary aspect to be studied to make its applicability more practical.
The enzyme retained 50% p-BP removal efficiency even after its fourth repeated use (Figure 2 ). 
Treatment of p-BP in stirred batch processes
The removal of p-BP was performed by soluble and immobilized peroxidase in stirred batch processes at three different temperatures (Table 3) . It was observed that maximum p-BP removal by both enzyme preparations was at 40 W C. The removal of p-BP by soluble and immobilized enzyme preparations was 81 and 91% at 30 W C, respectively, at 180 min. Each value represents the mean for three independent experiments performed in duplicate, with average standard deviations <5%. Analysis was carried out by one-way ANOVA where * denotes that values (P < 0.05) were statistically significant when compared with S-BGP with respect to DMSO and n-propanol. However, p-BP removal by immobilized peroxidase was higher at all the investigated temperatures as compared to free enzyme.
Continuous oxidation and removal of p-BP in a packed-bed reactor
The oxidative polymerization and removal efficiency of p-BP by immobilized peroxidase present in packed-bed reactors was about 96 and 88% after 5 days of their continuous operation at the flow rates of 10 and 20 ml h À1 , respectively (Table 4) Each value represents the mean for three independent experiments performed in duplicate, with average standard deviations <5%. Analysis was carried out by one-way ANOVA where * denotes that values (P < 0.05) were statistically significant when compared with S-BGP at three different temperatures.
DISCUSSION
Peroxidase-based treatment of aromatic compounds is gaining tremendous importance in comparison to other conventional methods due to their numerous advantages.
However, easy availability, cost effectiveness and signifi- Industrial wastewater may also contain various types of water-miscible organic solvents in addition to phenolic compounds, which might also interfere with the enzymatic removal efficacy. Our results revealed that immobilized peroxidase showed a greater efficacy in removing aromatic pollutants in the presence of organic solvents compared to its soluble counterpart (Table 2) . A lower water requirement or enhanced rigidity to the enzyme structure was described by some earlier . Samples from the column outlet were collected after an interval of 5 days and analyzed spectrophotometrically and their spectra were also recorded after centrifugation. The removal of p-BP in batch processes at various temperatures showed that immobilized enzyme was effective in removing a higher concentration of p-BP from wastewater (Table 3) . Maximal removal of p-BP in a batch process by the enzyme was within a period of 3 h; however, no further increase in the removal of p-BP was reported on prolonged incubation. SI-BGP was more effective in removing a higher level of p-BP as compared to S-BGP (Table 3) As shown in Table 4 , a packed-bed reactor operated at a flow rate of 10 ml h À1 exhibited greater efficiency in terms of the removal of p-BP compared to the reactor operated with a flow rate of 20 ml h
À1
. Confirmation of the oxidation of p-BP in the reactor was provided by a decrease in absorbance of the peaks in the UV region (Figure 4 ).
CONCLUSIONS
It is concluded that SI-BGP showed greater potential for the oxidative polymerization and subsequent removal of phenols from polluted water in comparison to S-BGP.
Further studies showed that reactors constructed with such immobilized peroxidase preparations could be continuously used for the removal of phenolic compounds without any reactor blockage. This study has provided a relatively inexpensive technique for the large-scale removal of phenolic compounds from wastewater.
